Abstract The relationship between mid-latitude tropospheric warming (MLTW) and the tropical sea surface temperatures (SSTs) in June-August (JJA) of 2010 has been investigated using an atmospheric general circulation model forced with the evolving observed SSTs. The simulation results indicate that the SST anomalies (SSTAs) in the equatorial Pacific in JJA 2010, indicating La Niña condition, did not contribute simultaneously to produce the MLTW in JJA 2010, and, instead, the SSTAs in the northern subtropics (the whole latitudinal band between 10°N and 30°N) contributed. However, it is shown by the results that enough magnitude of the atmospheric height anomalies over the northern mid-latitude was not reproduced by the SSTAs over the northern subtropical Indo-western Pacific (IWP) alone or over the northern subtropical Atlantic alone. It implies that both the SSTA over the northern subtropics of IWP and Atlantic were necessary to reproduce the MLTW. The possible role of convective activity for the MLTW is also discussed.
Introduction
The northern summer of 2010 was exceptionally warm over a large area of the mid-latitudes in the Northern Hemisphere. Euro-Russian blocking persisted for more than 1 month, producing an intense heat wave over Eastern Europe and Western Russia in this period (Matsueda 2011) . In addition, Japan experienced nationwide record-breaking high temperatures (Tokyo Climate Center News No. 22, available at http://ds.data.jma.go.jp/tcc/tcc/news/). In conjunction with the record-breaking high temperatures, the atmospheric circulation pattern indicated a strongly positive Arctic Oscillation (AO), that is, low pressure in the Arctic and high pressure in the mid-latitudes (Otomi et al. 2012) . In relation to the strongly positive AO, the zonally averaged tropospheric air temperature in the mid-latitudes of the Northern Hemisphere was the highest in summer (June-August) since 1979 (Tokyo Climate Center News No. 22 ). This paper focuses on the mid-latitude tropospheric warming (MLTW) in June-August (JJA) of 2010 as a principal background factor in the hottest summer on record mentioned above, and examines the relationship between the MLTW and tropical sea surface temperatures (SSTs).
The observed atmospheric and oceanic conditions are outlined in Fig (Fig. 1a) . The height anomalies over the tropical latitudes were still positive during JJA 2010. After October 2010, the height anomalies became negative in association with the 2010/2011 La Niña conditions. The evolution pattern of zonally symmetric height anomaly has occasionally been observed during the last three decades. As seen in Fig. 2a , the evolution patterns are particularly evident from 1987 to 1988 and from 1997 to 1998. In both cases, the MLTW developed in the both Hemispheres, before the tropospheric height anomalies over the tropical latitudes became negative. The geopotential height data are obtained from the Japanese 25-year Reanalysis (JRA-25, Onogi et al. 2007 ) and the SST data are derived from HadISST1.1 (Rayner et al. 2003) . The anomalies are departures from the monthly climatology averaged from 1979 to 2009. The features of the anomaly pattern shown above are not much affected by long term warming trend.
The fact that tropical tropospheric warming lags one to 3 months behind the peak of the SSTA in the eastern equatorial Pacific (EP) has been documented in many previous studies (e.g., Horel and Wallace 1981; Kumar and Hoerling 2003) as the atmospheric response associated with ENSOrelated SSTAs. The one season lag in the atmospheric response are linked with the temporal evolution of tropical rainfall which lags NINO 3.4 (5°N-5°S, 120°W-90°W) SSTA by one season, and the lag in zonal mean tropical rainfall anomalies is linked to the seasonality of the SST variability in the tropical eastern Pacific (Kumar and Hoerling 2003) . The tropical warming is accompanied by zonal mean opposite-signed extratropical temperature anomalies in the same time. Seager et al. (2003) suggested mechanisms for the symmetric mid-latitude responses. They pointed out that the transient eddy activity anomalies are important in producing mid-latitude anomalies during ENSO episodes. Moreover, Lau et al. (2005) studied the influence of SSTA in the Indo-Western Pacific (IWP) domain (40°N-40°S, 30°E-165°E) on the extratropical zonal mean temperature during the boreal summer of the year after a peak in ENSO events. Their model results indicated that lagging global scale atmospheric changes are primarily responses to SST perturbations in the IWP in summer, which are linked by the ''atmospheric bridge'' mechanism to ENSO variability of the eastern EP, peaked in preceding winter.
To confirm the statistical relationship between SSTA distributions and NINO3 SSTAs, the regression and correlation coefficients map of SSTA are shown in Fig. 3 . The areas that simultaneously significantly correlated with NINO3 SSTAs in JJA are limited to the eastern EP region (Fig. 3a) . The relationship suggest that the SSTAs in the EP region (solid rectangle in Fig. 3a, 10°N -10°S, 120°E-70°W) are ENSO-induced SSTAs in JJA. On the other hand, JJA mean SSTA in the tropical and northern subtropical Indian Ocean and the subtropical western North Pacific are significantly positively correlated with preceding DJF mean NINO3 SSTA, which is a half year before the JJA (Fig. 3b ). The lagged relationship over the Indian Ocean and the western North Pacific is consistent with the correlation referred to as the Indian Ocean capacitor effect during the summer following El Niño (Xie et al. 2009 ), which is related to the atmospheric bridge. Since the (Fig. 1d) , these positive SSTAs can be regarded as a delayed El Niño signal. The lagged relation map (Fig. 3b) Hu et al. (2011) .
In the case of the JJA 2010, the areas showing positive SSTA exceeding ?0.5°C in the IWP region were limited to the part of the Arabian Sea, the South China Sea and a narrow region along the 30°S line in the southern Indian Ocean (Fig. 1d) . Since the general relation between midlatitude atmospheric anomalies and SSTAs in the IWP in the boreal summer after the peak phase of ENSO is described by Lau et al. (2005) , the MLTW in JJA 2010 might be linked with the SSTAs in the IWP. Problem is whether the SSTAs over the IWP were large enough to produce the MLTW in JJA 2010. Another problem is whether the SSTAs in the North Atlantic Ocean indicating positive anomalies in large area contributed to produce the MLTW in JJA 2010. This study seeks to reveal the impact of SSTAs in the tropics on the MLTW in JJA 2010, using an atmospheric general circulation model forced with the observed SSTs of the period. After indicating the influence of SSTAs in the EP region to the MLTW, the impact of SSTAs in other regions will be shown. The model and experiment setup are described in Sect. 2. The results of the model experiments are presented in Sect. 3. In Sect. 4, the relation between the MLTW in JJA 2010 and convection anomalies linked to SSTAs in the tropical and subtropical regions are discussed. A summary is provided in Sect. 5.
Model and experiment design
The model used in this study is the atmospheric general circulation model of the Meteorological Research Institute . The regions where correlation coefficients indicate larger than 0.4 and smaller than -0.4, corresponding to the statistical significance lager than about 95 % level, are shaded. The calculation was performed to the SST data from which linear trend and seasonal cycle were removed. The solid rectangle is the equatorial Pacific region using in this paper (MRI-AGCM3.2, Mizuta et al. 2011) , developed as the atmospheric component of the MRI earth-system model (MRI-ESM1, Yukimoto et al. 2011) , which is based on the operational model for numerical weather prediction from the Japan Meteorological Agency (JMA). The MRI-AGCM3.2 performs well with respect to the heavy monthly-mean precipitation around the tropical western Pacific, the global distribution of tropical cyclones, the seasonal progress of the East Asian summer monsoon, interannual variability in tropical precipitations, and blockings in the North Pacific (Mizuta et al. 2011) . In this study, the AGCM was run at a T L 159 spectral resolution, corresponding to approximately 125 km horizontal grid point spacing, with 60 vertical levels and a 0.1 hPa top.
Seven experiments were carried out with different surface boundary conditions. One experiment denoted by ExA is an experiment forced with the observed monthly evolving global SST and global sea ice concentration of HadISST (Rayner et al. 2003) . The others are forced partially with observed SSTs in the method described in following paragraphs. Each of the experiment consists of five-member ensembles starting from different initial conditions (1200UTC on 1 and 15 January, 1 and 15 February, and 1 March 2009) taken from JMA operational analysis. All members were integrated until 31 December 2010. Only ensemble-averaged fields of the ensembles are used in this study. The simulated anomalies are shown as departures from the result of control experiment (ExCLIM) performed separately from the experiments described above, which is forced with monthly climatological global SST and sea ice concentration averaged from 1979 to 2009 using the same initial conditions. Because there is a lead time of more than 1 year from each initial date to the focused season, JJA in 2010, the effect of the initial condition in the simulation results can be considered negligible in JJA 2010. In addition, random variation of each member is largely canceled by taking ensemble-average. Hence, the ensembleaveraged anomalies, used for the data analysis here, can be considered as anomalies induced largely by SST anomalies.
To examine the contribution of the EP SST evolution to the MLTW, two experiments were conducted. One is an experiment (Ex1), in which monthly climatological SSTs (1979 SSTs ( -1998 were prescribed in the EP region after May 2010, while the observed monthly evolving SSTs were prescribed elsewhere during the experiment period. The SST evolution is depicted schematically in Fig. 4a and the distribution of SST anomalies in JJA 2010 is shown in Fig. 4c . This experiment should answer the question of whether mid-latitude tropospheric height anomalies would have been produced if the ENSO neutral condition had come in the summer of 2010, after the El Niño condition in the previous winter. In another experiment (Ex2), the observed monthly evolving SSTs were prescribed in the EP region after May 2010, while monthly climatological SSTs were prescribed elsewhere during the experiment period. The SST evolution is depicted in Fig. 4b and the distribution of SST anomalies in JJA 2010 is shown in Fig. 4d . The results of the experiment will answer the question of whether the observed SST condition in the EP in JJA 2010 could produce mid-latitude tropospheric height anomalies. The results will indicate how the evolution of SSTs in the EP contributes to zonally symmetric mid-latitude positive height anomalies in JJA 2010.
To identify the area other than EP region where SSTs contribute to the MLTW, four other experiments were performed. The regions, in which the observed evolving SSTs are prescribed, are the equatorial region except for the EP region in the experiment denoted by ExXEP, the whole latitude band 10°N-30°N (the northern subtropics) in the experiment ExNSB, the Indo western Pacific part of the latitude band (10°N-30°N) in ExIWP, and the Atlantic Ocean part of the latitude band (10°N-30°N) in ExATL. These areas are indicated in Fig. 5 with their specific locations. In these experiments, the observed evolving SSTs were prescribed in the selected areas after May 2010. The spatial pattern of 200 hPa height anomalies in JJA 2010 is shown in Fig. 6d . The observed positive anomalies over the lower latitudes (45°N-45°S) are well simulated by the model, although the anomalies over the higher latitudes, particularly in the Euro-Russian region, are not represented as significant positive anomalies. The simulated pattern is similar to the simulation by Dole et al. (2011) . The observed large height anomalies over the EuroRussian region reflect strong and long-lived blocking event in JJA 2010. As discussed by Dole et al. (2011) , it is presumable that the blocking event occurs mainly due to natural internal atmospheric dynamical processes and slowly varying boundary condition did not contribute substantially to the magnitude of the blocking event in JJA 2010. Since the seasonal mean and the evolution pattern of the height anomalies are well simulated over the lower latitudes, the global SST anomalies contribute to produce the anomaly pattern at least in the tropical area and the mid-latitudes.
Results

Contribution of SSTs in the EP region
The simulation results of Ex1 are shown in Fig. 6b , e. The time evolution of positive anomalies, in which the MLTW appeared after the positive tropical anomalies, is well simulated by the experiment. The spatial pattern of seasonal mean height anomalies in JJA 2010 (Fig. 6e) also shows a similar pattern of observation (Fig. 1c) and ExA (Fig. 6d) . The well simulated result means that the MLTW would have been generated even if the ENSO neutral condition had came in summer 2010, after the El Niño conditions in winter. In other words, the symmetric MLTW in JJA 2010 is not a response to SST anomalies in the EP region in JJA 2010. Figure 6c , f present the simulation results of Ex2. The time evolution of positive anomalies indicates negative anomalies less than -20 m in the tropical latitudes from July 2010 to end of the experiment (Fig. 6c) , in association with the 2010 La Niña condition. Corresponding to the negative anomalies, the northern mid-latitude height anomalies are slightly positive in the latter half of JJA 2010. However, the positive anomalies (ensemble mean difference) are not statistically significant, assuming a level of significance of 0.05, using the ensemble spread of seasonal mean zonal averaged 200 hPa height, which is estimated as the root mean square difference from the ensemble mean values (Table 1 ). The result suggests that the SST anomalies in the EP region, indicating La Niña condition in JJA 2010, contributed little to produce MLTW in JJA 2010.
Contribution of tropical and subtropical SSTs
To identify the key region where SSTs contribute to the MLTW, four other experiments were performed. Figure 7 shows simulation results of the four experiments in which observed evolving SSTs were prescribed partially.
The results of the experiment ExXEP (Fig. 7a, e) indicate positive height anomalies over the tropical latitudes during the experiment period, in contrast to Ex2. The positive height anomalies expanded whole tropical area in JJA 2010 (Fig. 7e) . The zonally averaged northern midlatitude height anomalies indicate positive in the latter half of JJA 2010, although the seasonal mean value of zonally averaged height anomaly does not indicate statistical significance over the northern mid-latitudes (Table 1) . The results of Ex2 and ExXEP suggest that the SSTAs in the equatorial region other than eastern EP region contribute to produce the tropical height anomalies, but do not contribute to produce the MLTW in JJA 2010.
The result of experiment ExNSB (Fig. 7b) Euro-Russian region (Fig. 7f ) in common with observation ( Fig. 1c) , ExA ( Fig. 6d) and Ex1 (Fig. 6e) . The seasonal mean zonally averaged height anomaly over the northern mid-latitude exhibits statistically significant positive anomalies in ExNSB (Table 1 ). The result suggests that the SSTA in the northern subtropical latitude contribute to produce the height anomalies in the northern mid-latitude. Interestingly, the positive height anomalies are represented also between 20°S and 40°S in the ExNSB, although the prescribing observed SSTs covered only in the northern subtropics (10°N-30°N) . This result implies the existence of inter-hemispheric linkages between SSTAs in the northern subtropics and atmospheric conditions in the southern mid-latitude region, which is not further discussed in this paper.
Although the results of the ExIWP (Fig. 7c) and ExATL (Fig. 7d) indicate positive anomalies in the northern midlatitude in JJA 2010, the seasonal mean averaged anomalies (Table 1) are not statistically significant in both experiments. The positive anomalies over the North Africa and Middle East are represented in ExIWP (Fig. 7g) and the positive height anomalies over the southern part of North America and the North Atlantic mid-latitude region are produced in ExATL (Fig. 7h) . These results suggest that each of the SSTA in the northern subtropics of IWP and ATL contribute to produce the MLTW in JJA 2010, however enough magnitude of the height anomalies over the northern mid-latitude is not reproduced by the SSTA over the northern subtropical IWP alone or over the northern subtropical Atlantic alone. It implies that both the SSTA over the northern subtropics of IWP and ATL are necessary to reproduce the MLTW in JJA 2010.
Discussion
In this section, the roles of convective activities in this case are discussed as a connector between SSTs and the atmosphere. Figure 8 depicts the seasonal mean outgoing longwave radiation (OLR) anomalies in JJA 2010 and a simultaneous regression and correlation coefficient map of OLR anomalies with the JJA mean zonal averaged height anomalies over the northern mid-latitudes (30°N-60°N) . The OLR anomalies can be regarded as a proxy for the diabatic heating anomalies in the upper troposphere. In Fig. 8a , negative anomalies, which correspond to enhanced convective activities, exist near Indonesia, and positive anomalies are found in the western equatorial Pacific region. The anomaly pattern is similar to the typical anomaly pattern of an ENSO cold phase. Other areas indicating negative OLR anomalies in JJA 2010 were found near the Arabian Sea, the South China Sea, the Philippine Sea, the Caribbean Sea, and the equatorial Atlantic Ocean. The anomaly pattern over the tropical and subtropical regions is similar to the correlation pattern in Fig. 8b , suggesting that the zonally averaged northern midlatitude heights are closely related to the OLR anomalies in JJA 2010. OLR anomalies in JJA 1988 and JJA 1998, in which MLTWs were remarkable as shown in Fig. 2 , were similar to those in 2010 over the Indian Ocean and tropical Pacific, although the anomaly pattern over tropical Atlantic did not show the similar feature to those in 2010. The white area is where observed evolving SSTs were prescribed after May 2010. Each geographical range is: 10°N-10°S, 0°-120°E and 10°N-10°S, 70°W-0°in ExXEP, whole of 10°N-30°N in ExNSB, 10°N-30°N, 30°E-180°in ExIWP, 10°N-30°N, 100°W-0°i n ExATL. The area in which climatological SSTs were given is shaded well simulated in ExA (Fig. 9a) . In the Ex1, the negative anomalies over the Arabian Sea and the Caribbean Sea are well simulated, although the anomalies near Indonesia and the western equatorial Pacific region, which constitute a typical equatorial OLR anomaly pattern of La Niña conditions, are not represented (Fig. 9b) . In contrast, the typical equatorial OLR anomaly pattern of La Niña conditions is well simulated in Ex2, although the anomalies over the Caribbean Sea are not represented well (Fig. 9c) . Because the MLTW in JJA 2010 is not simulated well in Ex2 but is simulated in Ex1 (Fig. 5b, c) , these results of Ex1 and Ex2 suggest that the OLR anomalies over the area other than equatorial Pacific, specifically over the Arabian Sea and the Caribbean Sea, play a more important role in simulating the MLTW than do the OLR anomalies near Indonesia and the western equatorial Pacific region. These conclusions are supported by the results of the ExNSB. The ExNSB does not simulate the equatorial OLR anomaly pattern of La Niña (Fig. 9e) , although the experiment does simulate the MLTW (Fig. 7b) . The results indicate that the OLR anomalies over the latitude band between 10°N and 30°N of IWP and the Atlantic Ocean are In order to assess the role of the enhanced convective activities by another way, the atmospheric response was diagnosed using a linear baroclinic model (LBM) formulated by Watanabe and Kimoto (2000) . The model consists of primitive equations linearized about the JJA climatology obtained from the ERA-40 (Uppala et al. 2005 (Uppala et al. ) for 1958 (Uppala et al. -1997 . The model used here has a horizontal resolution of T21 with 20 vertical levels using the sigma coordinate system and includes horizontal and vertical diffusion, Rayleigh friction, and Newtonian damping. The horizontal diffusion has a damping time scale of 6 h for the smallest wave, and the Rayleigh friction and Newtonian damping have a time scale of (1 day) -1 for r [ 0.9 and r \ 0.03, (5 day) -1 and (15 day) -1 for r = 0.89 and r = 0.82, with (30 day) -1 elsewhere. Details of the model formulation are given in Kimoto (2000, 2001) . (Fig. 1c) can be regarded as response to the diabatic heating anomalies over the subtropics. The wavy response pattern over the Eurasian Continent shows phase shifting from the observation (Fig. 1c) in particular over the Euro-Russian region. The observed wavetrain pattern was triggered by the Russian blocking (Kosaka et al. 2012) . The failure of the reproduction of the blocking might be cause of the phase shifting wavetrain response.
Since the amplitude of the response from the heating is not enough in the northern part of the northern mid-latitude, the contribution from transient eddy forcing has been evaluated. Figure 11 presents the seasonal mean zonally averaged anomalies of zonal wind, eddy momentum flux and its divergence at 200 hPa in ExA and ExNSB. The momentum flux convergence area is located from 50°N to 70°N and the divergence area is found from 25°N to 40°N in both experiments. The convergence area and the divergence area denote zonal eastward acceleration and westward acceleration, respectively, by transient eddy activities. The eastward (westward) acceleration in 50°N-70°N (25°N-40°N) must be balanced with Coriolis force, thereby inducing northerly (southerly) wind anomalies. The resultant 200 hPa wind convergence around 45°N is compensated by anomalous descent, which induces adiabatic warming. This adiabatic warming is balanced by . Shading indicates statistical significance larger than 95 % level momentum flux divergence without any SST anomalies in the EP region. The result suggests that SSTAs in the subtropics induce transient eddy forcing anomalies. Therefore, eddy momentum flux might contribute to produce positive height anomalies over the northern mid-latitudes.
Summary
The relationship between MLTW and tropical and subtropical SSTs in JJA 2010 has been investigated in this study. The simulation results indicated that (1) the SSTAs in the EP region, indicating La Niña condition, did not contribute simultaneously to produce the MLTW in JJA 2010, (2) the SSTAs over the equatorial area other than EP region contribute to produce the atmospheric warming over the tropical region, (3) the SSTAs in the northern subtropical region work to produce the MLTW, although enough magnitude of the anomalies was not reproduced by the SSTAs over the northern subtropical IWP alone or over the northern subtropical Atlantic alone. The subtropical ocean warming over the IWP in the JJA 2010 was typical for El Niño events. In addition, the SSTAs in the tropical Atlantic Ocean are significantly positive in JJA 2010. The significant positive SSTAs over the Atlantic Ocean probably linked with NAO which indicate large amplitude in the previous winter.
In response to SST anomalies in subtropics, the observed convective activities were stronger than normal in the IWP and Atlantic in JJA 2010. The heating anomalies in the northern subtropics might be one of the causes of the observed large height anomalies in the mid-latitudes in JJA 2010, at least in the southern part of the northern midlatitudes, because the experiments simulating MLTW indicate common characteristics representing positive convective activities in the IWP and Atlantic. However, the contribution of eddy-driven circulation might be necessary to produce the northern part of the northern MLTW.
Although the northern MLTW was remarkable as explained above, such a tropospheric warming has not always occurred in JJA of the year after the peak of El Niño events (Fig. 2) . Further investigations related to the air-sea interaction over the Indian Ocean and Atlantic Ocean are required to clarify the different response in the extratropics, as well as investigations related to transient eddies in the mid-latitudes. Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction in any medium, provided the original author(s) and the source are credited.
